i g

I &
2

UNCLASSIFIED

A _ TR 3 N, ————— . — anh TN e gy e L
7 - — e
&

T ..
~

10 257139

Reproduced
by the

ARMED SERVICES TECHNICAL INFORMATION AGENCY
ARLINGTON HALL STATION
ARLINGTON 12, VIRGINIA

UNCLASSIFIED

T T




DISCLATHER NOTICE

=

THIS DOCUMENT IS BEST
QUALITY AVAILABLE. THE COPY
FURNISHED TO DTIC CONTAINED
A SIGNIFICANT NUMBER OF
PAGES WHICH DO NOT
REPRODUCE LEGIBLY.



%
NOTICE: hen povermment ox ¢.her drawvings, swpeci-
ticatione or othex deta arxe w.od for any purpose
other than iu conuecticn w'. . lefinitely r~i.ted
government procureaent operatize, the U. 8.
Gcvexnment thetdy incura no reuponsibillty, uor sny
obligation whatsveves; and th- fect that “he GCovem-
mect, may have Damalsted, fure. txd, or in any wy
supplied the o'l drawiugs, sy -~ wrications, or other
data i< not 1o be regardud tv U prication or otkers
vise 82 ' any marser liceusing the holdér ur wuy
other ; .resa or corporetioa, or conveying may rights
or permiasion Lo 2 ufecture, use o idll ay
patented inventi: . that may Iv awy vay be related
the: sro.

e e e e e e e ——— e S ——




OYS PB 171421 DMIC Report 152
April 28, 1261

—— BIES

€
4

l

]
i

o P e
'; 3 57 |
XEROx

25"

BINARY AND TERNARY PHASE DiAGRAMS
OF
COLUMBIUM, MOLYBDENUM, TANTALUM, AND TUNGSTEN

-

caraiocen gy ASTIA

AS AD No.

DEFENSE METALS INFORMATION CENTE?Z
Battelle Memorial Institute

Columbus 1, Ohio )
R

+
* [
N !
!' [
- b . riany -
. b are
. bt ) O . 141 A jl‘!

I
JUTIN

)
n

Ervn e e A e wewd U (N 3w DR SR G WX sme emee -




The Dofense Meusls Ialarmation Cenler win ¢otablished at
Bittelle Memarial "Astitute At the request of the Oifice of the
Mrectar of Defanse Resernrch and Engincering 1o pravide averns
mest vumraciuze and their aapplinrs technical atiletence and
palarmancn on LA e ryllium, Iagnas in, relee 1ury melals,
tighsstpength alloyn for Mighricnparatire 5 riice, corrosionsand
ourlAions Prsiataml CRALIELY, A Ikermal=pralcttson dysieine, Ha
famciians, nder thr direction ot the Cifics ol Yhe-Secretary of
Defense, are a¢ f$dlower

1 Te eollet, store, snd dicsemindie tcchhical ine
faemaiian en the curzent status of resqerch and
devilapmaent of the alave materiald,

2, Ton supplement sotablisned Servicn dctivitled in
_providing .echnica: sdvisary servites 10 pres
duters. mellers, and fabricators of the abave
materfale, and 16 desijners snd fabricators af
wiltary squipment contairing Usvews materisle,

3. Ta xenist the Government agentine bngtheirton.
Lraciars iR developirn ; techaical datarequired for
praparation of speciiicatisns far tas dheve moe
trriala,

4. On sivigarient, 1o conduct surveys arlasorator:
resaar ki investigations, mainly of 3 shortorange
aseture, B requited, T escerlain civses of "rui.
Mer eaczuntered hy labricators, or 1o fill minor
dpe-in votadlianad researeh programs,

Cortract No AF-13{L16)-7742




WOt powtieg by e e

[T, ]

Snaiy  femey  Wiwy  Inaeon

'™

omes  wwo beel, mum

e~

OTS ¥B 171421 DMIC Report 152
April 28, 1961

BINARY AND TERNARY FHASE DIAGRAMS OF
COLUMMUM, MOLYBDENUM, TANTALUM, AND TUNGSTEN

by

J. J. Engliza

1o

OFFICE OF THE DIRECTOR OF DEFENSE
RESEARCUKh AND WNGINEERING

DEFENSE METALS INFORMATION CENTER
Battcllea Memonrizal Institute
Columbus 1, Ohio



PREFACE
The following referencen ware used extenaively in sompiling
this report on refraclory=metal phasae dlagrams:

(1) Constiturivn of Binary Alloys, by M. Hansen ans
K. Anderiko

{2) Tuntalum and Niobium, by G. Millar

(3) Tantalum and Tantalum Alivys, DMIC Roport 133,
By F. F. Schmidt

{4) Physical and Mechanlical Properties of Columbius.
and Columblum=Baae Alloys, DMIC Report 135,
by E. S. Bartlett and J. A, Houek

(5} A Study of Terpary Phasc Diagrams of Tusgsien
and Tantalum, by W, Rostoxer

(6} Molybdonum Matal Technical Notes = Constitution
Diaprams, by R. R, Freemanand J, 2. Driggs

(7) Tungsten = wtibliography, 1953-1958, by
P. W, Feltan

These refercacer ware supplemented by Hbrary research and
by interviews with Government contractors now conducting work in
thia fleld.
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BINARY AND TERNARY PHASE DIAGRAMS OF COLUMBIUM,
MOLYBDENUM, TANTALUM, AND TUNGSTEN

SUMMARY

This roport containg a compilation or discussion of 93 binary and
68 ternary phase dlagrams of the four refractory metals, columbium, molyb-
denum, tantalem, and tungaten. Included with cach diagram is a discussion
which lista information. on the solubllity and zryatal structure of inter-
mediatg phasas. When several investigations of a particular dingram are in
disagreement, rhe discrepancies are discussed.

Many of the dlagrams are-incomplete, and are subject to revision as
more definitive data becom: available. Howaever, they ara included in this
report so that the readers may have as up-to-~date information as possiblc on
aach of the aystems.
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INTRODUCTION

Bacause of the need for structural materials fur ude at higher and
hagher tempesatures, much research-and davalopment emphasis nas beon
placed va the refractory metala columbium, molybdennm, tantalum and
tungsten. Theke four metals have the highest melting pointa and highest
strepgth-at hagh temperamzes af all the metallic elementa zvzilabla inuseful
quantities, Tha emphasis in rescareh and development activities has been
on alloy development, physical metallurgy, oxidation Lchavior, protective-
coating systema, and melting and fabrication methods. In aAlmost all of theae
activitios a know. edge of the alloying behavior as examplified by the phase
dizgram is important.

This report consists of a compllation of the phase diagrams for alloys
of columbium, molybdenum, tantalum, and tuagsten, Many of the diagrams
arc not-complete, while othérs arce subject to revision as more definitive
data bogame avallable. It is hoped-that users of this report will supply
DMIC with any addidonal phase-diagram information on thesc metals that is,
or may bacome, available.

QRGANIZATICN OF THE REFORT

The phase diagrams-in this rrport-are divided into-two sections: binary
systeras-and ternary systems. The binary-dlagrams are arranged into four
groups, one for cach of the four metals. Within-each-group the zystams ars
arranged in alphabatical order according to the apelling-of the s¢ snd element

in-the system. A diagram involving two of the four subject merals 14 listed

only-in the first alphabetical grouping. For example, the columbium-
melybdenaum systen. [s-not repeated as the molybdenum-columbium system.

The ternary phase diagrams-are also arranged-alphabetically in four
groups. When two-cr maure relractocy metais occur in a system they are
1tsted first, in alphabetical order. For example, the columbium-tantalum-
chcomium system will net be lizted as the columbium=-chromivm~tantalum
system,

This report has been bound with-a plastic bindexr. This will permat
Zddsticnal-diagrams to be added.as they become-available. If deeired, t.e
diagrams can be removed {rom the present-bindar and inserted-in an ap~
propriate loose-leaf binder.

-
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THE FPHASE DIAGRAMS

The four refractory metals, whose phase diagrams ara compiled in
this report, have body-centered cubiec structures. Columbium and tantalum
are Group V-A elements and molybdenum aad tingsten are Group VI-A cle-
mants.  The melting pomnts and lattice constants of each of the four elémonts
are liatud bolow:

Mslting Point
< _r Lattice Parametar, A
Columbium 2460 44560 ). 300
Aolybdanum 2620 4750 3. 147
Tantalum 2696 5430 3.303
Tungsten 410 6170 3,165

As would be expected from their lattice constants, these elements are
mutually soluble in »ne another. Howgever, the phase diagrams with other
systoms vary cong® . cably {rom ona bare to another. For example, colume-
bium and tantalum have high solubilities for interstitial elements while
melybdeaum and tungsten do not.

In the phase diagrams which foilow, a short discussiun is included
below cach diagram. It lists information such as maximum solubility and
the crystal structure of intermediate phases. When scvaral investigations of
a particular diagram are in disagreeme t, the discrepancics are discussed.

In the discussions the numbars in parentheses rofer to references
Eigted in the Riblography at the end of the ropot,
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COLUMBIUM-ALUMINUM SYSTEM

i
H
I $00 600
) g6 L+Cb Aly
i 1400
700}~ \
' //____ﬁﬁﬁ.i____.},!m
600 |- —
i a+CbAly 000
) [
) 5.
§ 5 Hao0 §
B
8 g
a ) 600 =
3 A'
‘ Haoo
“ |
{ 200
Al

Weight Per Cent Aluminum

Three tatenaediats phases have been reported,  ChyAl has a cubie, beta~tungsten sttuctuse with
2 = 5,387 A.{1) CboAl hias a tetragona), sigma-type structuse with 3 » 9,633 A, ¢ = 5,123 2, aad
ofa = 0,522,{%) CbAlg is tetragonal witls & = 5,498 A, ¢ » 8,001 A, and ¢/a = 1,682,(3)
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COLUMBIUM-RORON 5% STEM

Atomic Per Cent Boron
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Cb3B2 has a tewagonal, UsSig-type suucture woth & & 6,373 kX, and ¢ » 3,204 3X, (%) CbBisan
orthorhotnbie, Cili-type stiutwse with 3 = 3,208 A, b = 8,724 1, and ¢ = 8,185 A.(5:8) Cvgsg 13 an

crthornombic, Magds-type structure With a = 2,355 A, b = 14, u¢

A\

. e e 3,087 ALE) CoBy s 8 hex-

agonal, C32-type suncture with 3 = 3,UE8 A, ¢ 25,503 4, an' -, . * .. .73 7 ChiB and Chob also exist

ave: lumited remperature ranges. {5 &) The solubility of boron
e st 1500 6,(188)

161

.

#0u., 13 less than 0,935 werght pur




COLUMBIUM-CARBON SYSTEM
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Two carbides of columbium exiat, CbzC s hexaponal, having a liouted region of solub, iy detween
5.43 and 5,53 weaght pes cent catbon. CHC 1 A face <sentered cuble with a I1sitice patameter
3 24,470 A.(5 B) detallographic evidence tndlcates the existence of a peritecuc woachion b + GbC ~ CboC
At some undetenmined temperatute,  Alloys sichier in catbon than the £bC phase fieeze by the cutectse seaction
I = CBC + graphite at approximarely 3260 €, (39
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COLIUMBIUM-CERIUM SYSTEM
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The phate dlagram thows an extenslve reglon of Immiscibllity in both the tquld and the solid states.
The monotsctic hotlzontal Nist a1 2370 & 20 G, 1ne melting temperature was reduced from 2415 C for pure
columbium 1o 2380-2389 C with 0,2 weight per ceat cesfum.  Separatlon hito two liquid layers stais at
1.0 10 2,U welght per »=ar cerlum, (11)
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COLUMBIUM-CHROMIUM SYSTEM
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The solubility of chzomium i colurmbtum is approxamately 12 weight per cent at 1600 C, decrcasing to
4 Woight pes cent at 800 C.  The solublitty of columbluin in chiromium 15 § waight pes cont at 1500 C, decreas-
g 10 2 welght per cent ag 800 €,(12) nbCry Is face-centered cuble with a = 6,95-8, 87 kX,(13)
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COLUMBIUM-COBALT SYSTEM
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CbCaz !5 helieved 1o exist Ia two modifications. One I3 at 33,3 stomie per cent celumbium having a
cuble MgCu(C15) type of situcture With & % 6,758 A, The second 1uucture exiits arovnd 27 awmic per cent
1nd 11 the MgNINC3) type of structure, The lattice spacings for this structue Were sepored 322 w 4,735 4,
c=15,46 A, and c/a » 1,631,(24, 15, 16)
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COLUMBIUM-HAFNIUM SYSTEM
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The solubllty of hafatum in columblum Is expected 10 be greater than 40 atorzlc per cent (49 welgit
pet cont) a1 1650 €, (169)
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COLUMBIUM-RYDROGEN SYSTEM
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Bouilibeis and Xeay audiaz thay that (o the rannes 100 1y 800 C, 0,1 10 1002 i Hy prevprs, 7ad
0.9% o G, 25 1/Ch ratlog, the columbium:-hydrogen system consists of a single-phas budy-centered cuble
stuctire, A two-phase repior §s present at 1eladvely low temperatures and presiures with the critical polnt
located at 159 €, 0,01 mo: of Hg pressuse, and 0,3 H/Cb ratic.(18)
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COLUMBIUM-IRON SYSTEM
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Atomic Per Cent Iron
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"ne phate dlagram prepared by Goldichmidt showis & high-temperatize o-phise slinilat to other
tansion-imatal sysieins, Fealby 1 a0 yf-catbidestype stiucture wilh a = 41,233 x. (%) Pe,Ch i Lxtyple
witt MgZna with a = 4,830 A, c = 7.822 A, and c/a = 1.632.(14) The terounal solid soluticas of colutnblum
in Jron and ££ tron 1n ealumbiumn are small and deciease with docteasing tempersture,
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%)
+)
1

foomeny  jummaty  Bimey
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COLUMBIUM-LANTHANUM SYSTEM
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Extentive teglous of immiscibility occut In the Jquid and the w1ld zeglom. The menotectc hotlzontal
et a1 2400 ¢ 20 C. Scparation Into two fayers occuts 20 0.1 10 4,2 welght pes cet Jantidaum. The
solubllity In the 1olid state 13 lTess than 0,05 delght pes cent at room temperatute. (11)
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COLUMBIUM-MOLYBDEL 4 SYSTEM
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Coliz=bium and molybdenum form s continuous serles of solid solutionss {19} Koruelov detziminud the
wnelting polne of alloys contatalng 20, 30, 70, and %0 weight per ceat molybdeaum,(20).
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COLUMBIUM-NICKEL SYSTEM
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Cbiig has an onhorhomble TICug-tyge srructuse with lattice parameters: 8 > 5,10 kKX, b = 4,55 kX, and

€ =4,25 ’X.(29) The solubllity of columblum In nlckel Is approximataly 15 welght per cent a1 1250 C. Yhe
solubllity of nickel in columnbium §s Jess than S wetght per cent,(34)  The Ciagiam was construcied from the

data prepared by Pygodin and Selekinaan,(25)

/61
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COLUMBIUM-ZIRCOMIUM SYSTEM

Atoriic Per Cent Zirconium
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The diagram developed by Rogers and Atkins shows that complete solid solubility exlits above 1000 G,(53)
A cutectold occwi a2 spprentmately 625 C and 32,5 welght per cent ziroonium.  The horizontal extends from
i 13 12 92,5 per cent zlrconlum, Domnagala placed the eutectofd temperatute at 800 C, with the continuous
sexles of solid solutlons existing above 1180 G, (%)
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COLUMBIUNM-OXYGEN SYSTEM

Atomic Per Cent Oxygen
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Brauet seported that three oxldes of columbium exist with linfted reglons of homogenelsy, CbO possessey
a cubic structure with & = 4,211 A and six atoms pet unit cell (NaCl lattice with ondeted vacancles), The
€bO2 structure Is similar to the ruttle suucture, (<€) ChoOs occurs as threa crynalline modifications,(27) The
solld solubility of oxygen in columbium vasles from 9,25 welght per cent at £00 € to 0. 72 welght per cent at
‘ the eutectic temperatuze 1915 C,(°8)
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COLUMBIUM-PLUTONIUM
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It Is bedeved that no Intermediate phases exist fn this syzesm, (&)
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COLUMBIUM-RHENIUM SYSTEM
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Two compounds are present in this system, The siguia phase is ssamorphous with Iron-chmmium sigma
With 2 8 9,72 A, ¢ = 5,07 A, and ¢/a » ,55,3%%) The cin phase 15 an a-Mn-type structure With a = 9,87 ,4(31)
The diagram shown {s the result of work pecformed by Grant and Glessen.(92) 1t differs from peior work in the
stabllity range for the sigma prase, Greenfield and Beckt30) and Levesque, Bekebrede, and Brownt3%) state that
the sfzia phase 15 sable enly In the amperatwie rangs below 1075 G, Knapton's hypothesis that s‘gma 15 stable
at high tempezatures(34} agrees with Graue's results,

e
[E———————
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COLUMBIUM-51LICON SYSTEM

Afomic Per Ceni Silicon
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Theee lntermedinte phaset were reported by Kx:.:p(m‘(“) Cby,Si Is tsomorphous with TasSt and ZrySi.
Samsonov rcported tho stuctuse to have a hexagonal ¢-FegN-type structute with a = 3,59 A and c = 4,46 A(30)
Cby3iy axlits fu Lwu modificatlons, with the tansformation between 2900 and 2360 C.{5%) CbSip has 3 hexa-
gonal CiSig-1ype structuze with 33 4,795 A, ¢ = 6,652 A, and ¢/s » 1,374.437)

asty  beow  onemg
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COLUMBIUM-TANTALUM SYSTEM
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The eolumblumetantalum syaem fomms 2 fmuous ssiiee of solld iolutions, (30,42} Williaus and

Pcchlr(“) detesmined the Jocation of the solidus curve for the systemn.  The melting points of the pure merals
ase sligadly lower tian the accepted valoes and may be auributed ro the presence of oxygen.
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COLUMBIUM-THORIUM SYSTEM
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‘Thete ate nr. corapounds In the systein. A eutectic teaction occurs at 1475 C and 8 welght per cent
columblum. Solutility of columblum s very Hinlted in all terminal phases, The maximum solubility is
less than 1 welght pee cent columblum at 1435 C, and less than 0.\ welght per cent in alpha thorium.

Thetiwa salubility fn columblum Is regligihle. (¥)
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(29)
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COLUMBIUM-TIN 5¥STEM

Temperotura F
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CbgSn 1s a fi-tungsten-type structure with 3 5,29 A,(58:3%) The 10lld zoiublltty of tin In columblum
I5 9.7 welght per cent at rcom temperature, Increasing to 14 per cent at the peritectic temperatute, The
solubllity of columblum fn tin is 1css than 8.3 Welght per cent at the melung polne of tin. (38,39)

(249)




COLUMBIUM=TITANIUM SYSTEM

Atomic Per Cent Titanium
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Bota-titaniuin and columbium from « contdtiuous series of solid solutlons, (43) Maptensitic transformadon
occurs 1n alloys up to 28 welght pec cent columbium under cooling tates of 100 0 10, 000 deync.(’“) The
minimuin concentration for retaining bee beta structure by quenching 1s 36 per cent colu"lum,(45)
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COLUMBIUM-TUNGSTEN SYSTEM

Atomic Par Cent Tungsten
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Mikheev and Pevies+f51) Von Bolton(52), and Buckief40) stated that the columbium-tungsten sysem
formed a contlnuous serles of solld solutions.
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COLUMBIUM-URANIUM SYSTEM
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Columblum and gamma uraalvm form a continuous sesies of solid solutions above 050 C.(46-49) The

monotectold reaction occurs between 91 and 93 welght per cent uanlurm at 635 1o 645 c.(86,47,49) The alpha-
to-beta uantformation occwss by 4 perftectuld reactlon, 3749
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COLUMBIUM~-VANADIUM SYSTEM
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Wilhelns, Caslion, and Dickinson found that the synam was & continuous sesles of wild wlutlens, (59
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COLUMBIUM-~ZING SYSTEM
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CbZng I3 a cuble AuCug-type tructure with a = 3,83 A (229-231) Coza, g is hexagonal with
ax 5,203 A and cw 26,43 A, The stuciures of the other two compounds, CbZn snd CbZng, have not been
determined, The temperatures glven for the petitectic seactions represent equilibrium tempecatuzes under
6 10 B atmospheres pressure of inc vupo:.(”g)‘ Two unfdentificd phases posibly form by perltectic seaction
at the low-tewmnperature zincerich portlon of the diageain, A cutectic is suspected at lesi than 0,2 weight per
cent columbium, & few degrees below the melting polnt of zinc. o solubllity of zinc in columbium has
beCn found.(zw)
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COLUMBIUM-ZIRCONIUM SYSTEM

Atgmic Per Cent Zirconium
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series of solid solutions existing above 1180 c.(&)

4/61
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The diagram developed by Rogers and Atkins shows that complete solid solublility exitts abeve 1000 c.(89)
A eutectold ocews a2 2ppreximately 626 G and 32,5 welght per cent zircanium, The horizontal extends from
13 15 92,5 per cent zirconium, Domagala placed the eutectoid temperature at 800 C, with the continuous
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MOLYBDENUM-ALUMINUM SYSTEM
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AlMo{e ) has the suructure of B-W(AL5) with & = 4,95 A.(55) The crynal suucture of AlgMo(8) has
not been detezmined,  AlgMoly) 15 tetragonal with a = 6,297 A and c/a = 1,588,(56) AlsMo(f) has
hexagonal structure tsomorpiious with AlgW with 2 = 4,89 A and ¢/a = 1.80.(56) AlyoMo{ a) is body-centered
cubic with a = 2,512 A, 26 atoms per unit cell, and is isotypic with Wal12, (8T The solubility of aluminumn
in molybdenum is 6,4 weight per cent at 2150 € and 1,5 weight per cent at 1200 €.{59)
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MOLYBDENUM-BERYLLIUM SYSTEM

Atomic Per C-nt Beryilium
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Two Intermediste phases cecwr In the system.  Bepho has a hexagonal MyZin(C14) type of structuze
with a = 4,433 A and ¢ = 7.341 A,(63) BegoMo Is budy-centered terragonal with a» 7,27 A, o~ 4,23 A,
with 26 3toms pet unit cell, (52) There Is 2 eutectic at approximately 6.5 pes cent beryllium and
1870 C. (63, &4

Temperature, F




MOLYBDENUM-BORON SYSTEM
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The {oliowing basldes have been (dentified: Moab Is tatragonal of the CuAly(C16) type with 4 = §.543 A,
c=4,735 A, and c/a = 0,854,(58,89) MogBa 15 terragenal and fsotyplc with CraBa, The low-1emperaure
forus of 14oB {5 tetragonal with 8 LieB molecules perunit cell, and a= 3,110 A, ¢=16.95 A, and
c/an 5,45(68,59) The high-tanperatute modification, f-3oB, i3 orthorhemblce and t1otyp.c with CoB, Cbb,
and TaB, witha= 3,16 A, bu 8,61 A, and c = 3,08 A.(59) Mob2 Is » hexagonal AlBa (C32) type, wlth
an3,00A, c=23.004A, andc/ax 1.01.(59) MoaBs is thombolicdral wit: the haxagonal axlz a x 3,011 A,
c= 20,93 A, and ¢/ax ,95,(58,59) A Clmax Molybdenum Repoil®) gives th» sutectic temperatuse as
2180 € and a composttion of 2,15 per cent boton, a value Wil i diffess from the tesulis obtained by
Steinitz, (5Y)
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MOLYBDENUM~CARBON SYSTEM
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Catbon dissolves faterstlally up 10 0,623 welght pe cent, (68) HoqC 15 2 hexagonal WoC-type structuse
with 2= 3.002 A, cw 4,724 A, and c/s % 1.574,(66,67) The hexagonal phase MuC Is liotypic with WC,
Thete Is dlsagrecment on the values for the latice parameters. Kuo gives the values a5 am 2,896 A,

e = 2,809 A, and ¢/ax 0,969, with one molybdenum stom per und cell. (67 Nowotny teportad the lattice
constants = 3,01 A, ¢= 14,61 A, and c/a = 4,85, with 12 stoms of molybdeaum per unit cell, (68)
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MOLYBDENUM=-CHROMIUM SYSTEM
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The molgbdcuum’ch:cmlum system foros & continusus serles of solld solutions at kigh tempee~

stwres, (1584, 710) 4 minlmum In the melting point occurs ar approximately 80 welgin per cent checinlum

and 1960 C.(") Kvidence of a phissc tansformation in alloys up o 40 welght par ceat cheomiun has been
g (71)
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MOLYBDENUM~-COBALT SYSTEM
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The solid solubllity of cobalt n molybdenun was found to be 2,15, 1.75, 1.4, 0.9, and 0,8 welght
pet ceat at 1480, 1375, 1300, 1200, and 1100 C.(59) MogCoq Is hombohedral-hexagonal and Lsotyple with
WeFeq (D95 type), Ius latdce parameters are a = 8,890 A, e = 30748 at the {deal compusition, and
2= 8,873 A, ax 30°53" If savurated with cobalt,(70) The srzucture of MoCoy is simitar to that of WCo3,
This phase Is lsotyple with NigSa (D09 type).(70)

(26)




MOLYBDENUM-HAFNIUM SYSTEM
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The Intermediate Lives n-phase, MogHI, foims at 2180 C by a peritecric reaction. The crystal structure
of this phase {5 a cublc CupMg (C15) type, with 8 molecules par unit cell. Its lattice paraincter s 7.560 A,
The solubility of hafnium ln molybdenum {5 40 welght per cent (28 atomic pez ceat) at 2180 C, decteasing to
28 welght per cent (16.5 atomic per cent) at 900 C, (7€)
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MOLYBDENUM-HYDROGEN SYSTEM
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Shown ate the results of two determinadons of the olubllity of hydrogen in solld molybdenum. Cuve
A was detesmined by Marcnli6), Curve B by Sieverts and Belning.(77)
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MOLYBRLEN/-AM-IRON SYSTEM
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The ¢-phasé §s thombohed:al of the WgFeq (D85) type, with a = 8,99 A, a=30'34.8.(7219)  The
stuctize of the a-phase I; tetagonal, with a = 9,185 A, c» 4,812 A, and c/a = %, 5237 at 36 weight pat
cent Y20 (50 atomlc per cent), There are 30 atoms per unit cell.(T4) The solubility of Iron in tolybdenum
1000, and 1102 C, respectivaly.(79)

1110.5, 8.7 4,8, 3,5, and 2,7 welght per cony at 1489, 1400, 1329,

4/61




4/01

MOLYBDENUM-MANGANESE SYSTEM
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A dgma phase of 80, 1 welght per cent (63,7 awomlic per cent) 15 stable abuve 1115 2, thasa

teuagonal structure with a = 9,10 A, ¢ 24,74 A, and ¢/a = 0,52, and ordered atomic arangement, (19 80)

Temperoture ,F

Twanty weight per cent manganese wai found diziolved In alluys fast-cooled (800 C per minwe) from 1830 C.
Only abow 10 per cent remaincd [n solution afies slow coollng 1o 1oom temperature,(81) Anciber intermediste
Fhase, potsibly stable only above 1100 C, cxists between 80 and B8 atomic per ceat m.mganese.( )

(49




MOIL.YBDENUM=-NICKEL SYSTEM

Atomic Per Cent Nickel
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MoN1 () forms by a peritectic reaction at approximately 1360 C.(¥5) MoNIg (7) Is hexagonal close
packed with an 2.54 A, and cra = 1,65.(86) MoNLg () was teponied 10 be a face-centered tetragonal
supentiucture witha= 3,62 A, ¢ = 3,57 A, and c/a = 0,9286.(8%) Ham reported B 1o have an ordered face-
centered tetragonal structize with a4 5,731 A, cw 3.571 A, and ¢fa = 0,623,(57) The solubllity cf nickel
in mo); bdenum(88) 43 0.8, 0,75, 0,65, and 0.5 weight per cent at 1340, 131§, 1290, and 1200 C,
tespesiively.

Hva— —
» .
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Temperoture,C

MOLYBDENUM-NITROGEN SYSTEM
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The §-phate, stable only above 600 ¢, has s face-centered teuagonal lattice of the tolybdeaum awims
with am 4,18 A, cm 4,02 A, and c/am 0,061, after quenching from abova 880 C, The posltion of nluogen
atoms {5 unknown, (83) MoaN is face-contered cublc with 3 m 4,163 A oa the molybdenum :ide to a» 4.168 A
on the nitrogen side. Mol has a hexagonal supenstructure conststing of 16 atoms pec unit cell with a= 5,725 A,
cw 5,608 A, and c/z = 0.980,(8%)
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MOLYBDEMUM~OSMIUM SYSTEM

The moly blenutn-ovntum sysatn It In 1t final stages of dovelopnsint o Taylor.C37% 1 found the
solubillsy of osmium ann molybdenuin to tanga from atoun 10 waight pet cent 3t 1000 € 1o 30 welght per cent
atfINC, A flungienstype phaie, MogOy, fotns atousd 2200 C, 1t It pable aver a linited composition
2amz2 3t about A0 wolght pes cont exmium. A sigma shage, MogOng, fotnt by a peritectlc scaction atap-
pronimately 2400 € and 4§ welght paz cent oimlvm, 1t 1 sabla avar & companition cange of about 10 weight
per cent a1 1000 C, Molybdeaum s soluble in ssmium up 10 25 welght per cont at 1000 C, fncredilng 1o
aboyr 30 welght pes eeat at 2400 C.

By  Inomey

Ho dlagram iz available at thils ume,
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MOLYBDENUM-OXYGEN SYSTEM
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Temperoiure, F

The solubllity of oxygen In molybdenum was detesmined by Few aud Manning.(89) The line represents a
three -phiase 2quilibiiuin between gaseous oxygen, molybdenum oxide, and oxygen dislved fa matatlic molyb-
denum, The compesition of the oxide was nct detesmined,

(44)
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MOLYBDENUM-PALLADIUM SYSTEM
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The Intermediate phase ¢ 13 hexagonal close packed, formed by a peritectic raaction a2 1740 C.
Haworth and Hume-Rothiery established rhe 2xtstence of & silght solublifty of pailadium tn molybdeaum at
high temparatures, 4 to 9 welght per cont paliadium, (%) Their findings Shagiz with the solublllty values
obtained by Greenfleld and Beck of up to 28 weight per cent palladium.(9) Raub determined that the
solubllity of 1zolybdenum In pallad:um is 44,9 weight per i mmoijpdenum at 1200 C, decreasing to 33,2
per cent at 800C,

(45)

Temperature, F



MOLYBDENUM~-PLATINUM SYSTEM
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Knapton{%} verified Raub's findings(%2) of an L:termediate phase ¢ with 3 hexsgonal-close-packed
structuze, with a = 2,80 A and c/a = 1,603, at the :nolybdenum side, and & = 2,786 A and c/a = 1,611,
at the platinum slde, a) Is face-centered tesragonal with a = 3,896 A and c/a = 1,005 10 1,009, The
solubllity of platinusm: In molybdenum Is very slight.




MOLYBDENUM-PLUTONIUM SYSTEM
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MOLYBDENUM-RHENIUM SYSTEM
Afomic Per Cent Rheaium
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Theo-phase, Moo Rey, Is & tetragonal (Déﬁ) structure [somorphons with the o-phase found In fron=
chromium alloys.(34-87) The 1anice parameters at 60 atomic per cent (73 weight per cent) are & = 9,588 A,
cm 4,983 A, and ¢/23 6.5157.4°% Keapton found the a=phase 10 be stable oaly at 1150 C and above, (96)
The body-centered cublc phase, x, s Ixmorghous with a-manganese. It corcesponds to an approximate
composition of MoRes with a = 2,65 A.(51,94) The solubllity of rhenfum in molybdenum ranges from 46
. welght per cent at 1200 C 10 59 welght per cent at the eutectic temperature, 2505 C,(94)
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MOLYBDENUM-RHODIUM SYSTEM
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The system contalns & eutectlc at approximately 41 welght per ceat (40 atomic per cent) thedium,
The max!mura solubllity of thodium {n molybdecum is approximataly 21 weight pes cent at the cutectic
horlzontal, diminishing to less than 3 weight pet cent at 1100 C.{%) The ¢-phase, Is hexagonal close packed
witha = 2,40 kX, c = 4,320 kX, and c/a = 1,599 at 0 welght per cent rhodlurm. (90, 92)

(49)

Tempercture, F




MOLYBDENUM-SILICON SYSTEM
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MoySi 18 isotypic with Friungiten {AlS type), 2 34,8910 4,90 AL98) Magsin is tetragonal with the
dimensions a = 9,66 A, ¢ ¥ 4.90 A, and c/a = 0,51, The cell contains € MogSlp.(¥9) Mosiy Is tetragonal,
with 6 stoms pes unlt cell {C116 type), with 3 = 8,20 4, ¢ = 1,88 4, and c/a = 2, 162,(98)




MOLYBDENUM-TANTALUM SYSTEM
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Molybdenum-tantalun alloys exhibit a coatinuous serles of solld solutions, (40:100,101) ghgien s1e the
results of & melting-pofnt study made by Geach and Sununers-Smith, (103)

Temper~iure, F
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MOLYBRENUM-TITANIUM SYSTEM

Alomic Per Cent Titcnium
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Molybdenur-titanium alloys exhibit a continuous setics of solid sotutlons above 900 C,(202,103) The
body-centered ttantum-rich sclution transforms to a hexageasal-close-packed structute below 885 €, (103,104)

Temperalure, F




MOLYRDENUMSTUMGSTEN SYSTEM
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Molybdenum and tungiten form a contlaous ieries of wlid solutions, (108,189, 210)

4/61

(53)




MOLYISDBNUM-MRANIUM SYSTEM
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The csysal saucture of the 5(MoUg) phate I of the tetragonal MoSig (C116) vype. with a= 3.427 A,
em 9,83 A, adc/a® 2,571.(106) The usanlum-sich portion of the phase diagram was established by
‘ Saller106) and Haltemas. (108) The wlubitity of wanium n molybdenum 1¢ agproximately 6.5 welght
. per cent &t 1285 ¢.U
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MCLYSDENUM-VANADIUM SYSTEM
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The molybdenuni-vanadium system forns a continuous serfes of »olid solutions, The lattice parameters
shown were determined by Pepltz and Kleffer, (100

9




MOLYBDENUM-ZIRCONIUM SYSTEM

Atamic Per Cent Zirconium
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Mozt Is Botyplz with MgCuy (G15 type), 4 = 7,595, (167,11)) The s0l1d solubitity Hmit of 2irconium
in slowly cooled alloys was spproximately 7 welght per cent zrcontum, (309
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MOLYBDENUM-ZIRCONIUM BORIDE SYSTEM
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| ! Atloys of 45 welght per cent ZiB; (40 atomic per cent) were almosC all single pluse, MoaZiB2. The
| phiase has & thomble srructite aslogous to MogNIB2. No other phisies were found la the sysem, At ame
| ( petstuses up o 1800 C, samples contalning 24 welght pes eent 22 (20 atormic ~vr cent) melted partlally,
Alloys with high Zi8g content showed signs of melting from 1900 10 2009 . The maxtinum solubllity of
2182 in molybdenum Is about 5 welght per cent. The solebllity of molybdenum in ZB2 was et
! determined, (228)

(57)




TANTALUM-BORON SYSTEM
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Tag8o and TagB are stable at high temperatures enly.{112) Taghy 15 orthothombic with & = 3,29 A,
bx14,0 A, and ¢ ® 3.13 A, (313} TaBy Ishexs snal (Al 1ype) with a ® 3,018 A, © = .28 A, and
/2% 1,06,(312) Ta,D has a tetragonal CuAlg=iype structure with 3w 5,718 A, ¢ = 4,864 A, and
c/a = 0,842,012 119) T is orhorhombic (AB type) with a = 2,29 A, b= 14,0 A, and ¢ » 3,13 A.(113)
The phase diagram was developed by Kieffer and Benesovsky,(114)
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TANTALUM-CARBON SYSTEM

T
1
I Atonie ' Srit Carbon
0 03 06 09 12 1.3
5 4000 Y r vy —
3800 ¢
-
1 u
3200 } quid
' Tot
,
-
2800 002 2800C
To
i S 200
5 qe000 W&
l , ® 2000 | g
) 8 {x00 §
= 1600 F | To+To,C ToCiC y
i g
41 2400
. 1200 p ~TaC
' 800 b «1600
To,C Ta,Gt RC
l 400 4 800
0 e A A A A o M A " "
l T 002 004 Go6 008 00 77/ 2 4 6 8 10 12
A0y
l Weight Per Cenl Corbon
' TanC 1s hexagonal closs packed with & = 3,101 10 3,104 A, c = 4,53710 4.1 A, and c/a = 1,587(118)
TaC Is face-centered cubic (NaCl type) with & = 4,20 10 4,67 A.(115) The Tu-Ta2C eutactic acanre a1
0.8 welght per cent carbon and 2600 C, andthe TaC-C eutectic occws a1 30 welght per cent carbon and
l' 3300 ¢,(116-118) ’
|
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TANTALUM-CHROMIUM SYSTEM
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Duwex and Manens{123) reported that TaCra has a polymorphic transformation between 1376 and 1650 G
from the low-temperature cublc structure (MgCug-type With a = 6,561 A) to the high-temperatuse hexagonal
suucture (2 = 4,925 A, ¢ = 8,062 A, ¢/a = 1,63%), Elliotn censiders the compoutd J:omozphous with MgZng
at all temperatures from 600 to 1200 C.(324) Grigor'ev et a1.(233) scates that TaCry undergoes a polymorphic
transformation at 1805 C. They report that the solubility of chromiumn in tantaluizi fs about 5 welght per cent
at 1800 C, and the suiublilty of rantalum in chroralum fs about 10 weight per cent at 1700 C,

(69)




TANTALUM-COBALT SYSTEM
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Two modifications of TaCop have been teported: the MgCuy type with 2 = 6,73 A, and the hexagonal
MgZng type With a = 4,79 A, ¢ = 7.83 A, and c/a = 1.63.(11%) The compound Tag,gCoo, o (52.7 walght
per cent tantalum) possibly occurs between 1000 and 1300 C.  Wallbaum(120) identified the phase as a hexag~
onal, MgNao-type structure with a = 4,72 A, ¢ =15.39 A, and c¢/a = 3,26, Two modifications of the com-
pound TaCog (50,6 welight pes cent tantalun)) were studied by Korchynsky and Fountain: the ordered face-
- centercd cublc witha = 3,65 A, and the hexhgona! with 2 =9,41 A, ¢ = 156,50 A, and c/a = 1.65,(119)
5 The diagram was determined by Koster and Mulfinge{121) and by Hoschimoto(122),
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TANTALUM-HYDROGEN SYSTEM
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There Is poor agreement as to the maximura solubllity of hydrogen in tantatnm, (326129 yapie et al,
lst the solubllity of hydrogen as 40 atomic per ceat above 50 C, decreasing to 10 and © per cent at 0 and
-145 ¢, (39 g strongly tempcrature-dependent solubtlity reported by Waite could account for the poor
agseement.  The sccond solid solutfon (3} Is body-centered (or slightly distorted body-centered) cubic, 137)
The fB-phase also has been teported as 2 hydride of the approximate composition Tagl{ with a body-centered
tetragonal structure gradually distorting to a face-centered o:thorhombic structure (130)
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TANTALUM-HAFNIUM SYSTEM
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\ ) ’ Malting-point deterninations for the tentative diagram detesinined by DeardorfK232) wers made between
50 aud 120 weight per c2nt hafulum, The results Indicated a minimum melting point near 8 welght per ceat
hafnfum, The eutectold temperature is 105¢ C with the eutectold compositicn about 80 weight per cent
hafnfum, The solubllity of tantalui i hiafubuw is about 7 weight per ccut at 1050 C, possibly decreasing to
less than 0, 30 weight per cent at 950 C,
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TANTALUM-IRON SYSTEM

Neenie Per Cent fron
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, TaFe, has the MgZny (C14) type of structure with a = 4,81 A, ¢=17,85 A, and c/a= 1,63,(120)
i Tne diagram was developed by Genders and Harelsou, (129)
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TANTALUM«NICKEL SYSTEM
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TaMY Is orthorhombic (slightly deformad hep) with a = 5,114 A, b = 4,250 A, and c = 4,542 A, (139)
The compound TagNip hus been reported but not confirmed, (139 Alloys between 0 and 5 weight per cent
nickel and below 1660 C consist of a tantalum=rich solld solution containing less than 0, 05 weight per cent
nickel and an intezmediate phasc.(”o)
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TANTALUM-NITROGEN SYSTEM

Weight Per Cent Nitrogen
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Two Intermesilic compounds are deflnitely established for the tantalum-nitrogen system, TaN Is hex-
agonal close packed with a = 5,181 kX, ¢ = 2,905 kX, and c/a = 0,561,(132) TaoN s also hexagonal close
packed with a = 3,042 kX, c = 4,909 kX, and c/a = 1,614,(132,133) The meltng point of TaN has been given
as 2880 {234} und 3060 C({1°8), Chioui has shown that TaN dissociates at kigh tempezzzures, forming the lower
miteide, TaoN, and nitrogen.{130) Between 1600 and 2000 C, at lcast 7 atomic per cent nitrogen dissolves in
tantalum,(137)
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‘ TANTALUM-QSMIUM SYSTEM
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The sigiua pbase forms by a peritectic tesction at apptoximately 2500 ¢ LD i suucture i
tercagonal with a 2 9,934 A and ¢ = 5,189 A a1 206 welghi per cent (25 atomle per cent) osmium, (148
The gawnema phate forms by 3 pentectic reaction at 2420 €, (1 he sirucome 1 probably the cubica-
manganese type observed by Knapton %, with the taujee phatucter a = 3,639 A, The solubtiity of
osmium 1n tantalam s 16 weight Pc: cent (15 atomde per went) at 1637 C, Increasing to 23 weight per cent
(22 atomic per cent) at 2500 C, (17 1ne sulubanty of tantalum 1o osmices & 26 welglt per cent (25 ttomlic
per cent) at 1600 C, decreasing to 18 welght per cent (19 atomic per cent) at 2420 ¢, ($37)
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TANTALUM-OXYGEN SYSTEM

Weight Per Cent Oxygen
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Six oxides of tantalumn have been reportec.  [3=Tag0g 15 the only oxide that is fizmly cstadlished, It has
an orthothambice structure with a 28,19 A, b = 3,60 A, and ¢ = 3,82 A.(141) f-Tag05 uansforms to the ligh-
temperature a-TagOg at 1320 1o 1350 C.(142, 142} 'ra0p has 2 teuagonal (1302 type) steucture with
a=4,700 A, c=3,085 A, and ¢/a = 0,651.(144) Ta0 s cubic (NaCl type) with a = 4,22 10 4,39 A.(i40)
Tag0 15 othorhombic with 2 = 5,25 A, b =4,92 A, and ¢ = 3,05 A.(443) Ta40 iz onliothiombic with a = 7,184
10 7,238 A, b = 3,266 to 3,273 A, and ¢ = 3,204 10 5,216 A.(144) The solid solubility of oxygen tn tantalum
is 1.5, 2.2, 3.1, and 4,2 atomic per cent at 700, 900, 1100, and 1300 C, zespectively,(145) The lattice
parametess were determined by Gebhardr, (146)




TANTALUM-PLUTONIUM SYSTEM

—— SN WANE  WEBNRY iy

3200
-{5600
2600}
~ \ Liquid —{ 4800
. 2400} \
i o ~ ~{4000
2’ 2000}~ \ é-
3 o
5 sool L+a N 220 3
@ \ b
£ N\ £
~{2400
,53 1200 }— \ }_-_»
§00 }— —{1600
| 625
‘ 400 }— G"'B -4 800
o 1 i L1 | ] | l
! Ta 0 20 320 40 S0 60 70 80 90 Pu

Weight Per Ceni Flutonium

No intermediate phases are known to exist {n this system,
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TANTALUM-RHENIUM SYSTEM
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RegTan, the slgma phase, has a complex tetzahedeal stiucture, immesphore with the sigma phase foud
in the fron-chromium system, The 12¢tice paramates §s 3 x 9,69 A and c/a = 0,52,(149) The chi phase Is o
complax eudlc, Tsomorphore with nem.s canaca, The lattice parameter varles from 9,80 A at €0 weight per
cent (49 atomic per centy 1o 9,63 & a1 30 weight ver cent (79 awinkc per ceny, (149)
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TANTALUM-RUTHENIUM SYSTEM
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Ruthenlum is highly soluble In tantalum, as {adicated by the large a {ledd, Detalled X-tay anslysis
of the a-phase showed that the body-centered cubic saucture of tantalum changet to a body~centered
tetragonal as the thealum content increases, This change begins between 24 and 27 weight per ceat thealum
) (35 and 4D atomic per c2nt), An ordering reaction in the solid solution near 30 weight 6:1 cent thenlum was
l abo Indicatad, Tire structures of the intermediate phases pand y were not discuned, )
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TANTALUM-SILICON SYSTEM

Atomic Par Cent Sihcon
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Tay, 530, 551 I8 hexagonal (Ni3sn typc) withi« = 6,093 KX, ¢ = 4,909 kX, .1nd1c a = 0,807, (150)
TaoSi It tetragonal (CuAlp type) with 2 = 6,155 kX, ¢ = 5,029 kX, and c/a "(?l }8.( ) TagSiy is
hexagonal {MngSl, type} witli a & 7,459 kX, ¢ = 5,215 kX, and ¢/a = 0,699, TaSi2 is hexagonal
(CiSin type) with 3 = 4,771 KX, ¢ = 6,551 kX, and c/a = 1,373, (150}  parthe’ et al.(151) jound a high-
and low=temperatute modificaticn for TagSig with a tewagonal structure and laitice parameters 3 = 9,56 kX,
e=5,05kX, ¢/a=0,51and a=6,503 k¥, c= 11,849 kX, and c/a = 1,822, respeciively, Hansen (
proposed the phase diagram shown,
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TANTA LIDL-TELLURIUM SYSTEM
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The compound TaTeq s a teragonal lattlee with a = 6.5 kX and c = 11,8 kX, The a-phase,
TaTey gg.q, g0 shows :: #;lymozphlc change at 840 C, ‘There Is also evidence for the existence of a lower

)

telluride of tantalum, (152
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TANTALUM-TITANIUM SYSTEM
Atomic Par Cent Titanlum
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Tantalum and S-titanium form a continuous serles of sold soluzionz, The beia solid solutfon can be
retained on quenching for ttanium contents up to 50 to 60 weight pe: cent, (183,154)
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TANTALUM-TUNGSTEN SYSTEM
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Tantalum and ungsten form & complete sciles of solid solutlons, (40, 165, 158, 169)
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TANTALUM-URANIUM SYSTEM
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The high-temperature solid solubility of tantalum in uranivm and uranium in tantalum is less than
2 atomic per cent, A peritectic reaction occurs at 1175 € near the uranfum-rich stde. No Intermediate
compounds were observed,{155)
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TANTALUM~VANADIUM SYSTEM
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Complete miscibility exists above 1320 C. Below this temperature TaVg precipitates, The structure
was shown to be face-centered cublc isomorphous with MgCug, (156, 157)
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TANTALUM-ZIRCONIUM SYSTEM

Memic Per Cent Zirconium
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The maximum soiubility of zirconium in tantalum is approximately 10 weight per cent. The maxitaum
solubtlity of tantalum in B-zircontum fs appioximately 27 weight per cent, ‘The solubility of tantalum n
a-zirconiuin is less than 0,22 atomic per cent, No intermediate phases werc found, (160)
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TUNGSTEN-ALUMINUM SYSTEM
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WAl4(¢) has a monoclinic structure with a = 5,272 A, b = 17,771 A, ¢ = 5,215 A, and S= 100° 12°,
The cell contains 39 atoms moitly confined to 8 well-defined layers.(161) WAL o(y) has & body-centered
cubic structure with two WALy ualts per cell,{16% The third intermediate phase Is WAL5(53), The solubility

of aluminum in tungsten is 2,4 weight per cent at 1300 C: the tolubllity of tungsten in aluminum is 1.6 weight
per cent at 650 C,(152)
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TUNGSTEN-BORON SYSTEM
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WoB Is tetzagonal of the CuAlg (C16) type with & = 5,564 A, ¢ = 4,740 A, and c/a = 0,852.(58) A
‘ow-temperature form of WB, stable helow 1860 C, s tetragional (MoB type} with a = 3,115 A, c = 16,53 A,
and c/a = 5,44,(58) The high-temperatue modification, coresponding to 214oB, 1s orthorhombic (C:E type)
with a = 3,07 A.(104) woB5 has a hexagonal defect structure: with a = 2,962 4, « = 13,87 A, and

c/a =4,55.(164) The phase diagran was obtained from Reference 108,
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TUMNGSTEN=-CARBON SYSTEM
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The low-temperatute modification of WoC is hexagonal with 2 = 2,994 A, ¢ = 4,724 A, and
c/a = 1,518,{165) The high-temperature modification 3-WoC is possibly a face-centered cubic stivcture
with a = 4,16 A,(186) WC has a simple hexagonal structure with a = 2,906 A, ¢ = 2,83 A, and
¢/a =0,916,(165)
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TUNGSTEN-CHROMIUM SYSTEM
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immiscibility field exists below this temperature,{171)
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TUNGSTEN-COBALT SYSTEM

Atomic Per Cent Coball
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WCogly) is hexagonal of the NigSn (DOyg) type with a 2 5,13 A, ¢ 4,13 A, and c/a = 0,805.(167)
W¢Cor{5)ts thombahedral-hexagonal and isotypic with WeFeq (D85 type).(167) 1ts lattice parameters are:
a=4,732 A, ¢ = 25,63 A at the cobalt-rich limit, and a = 4,761, ¢ = 25,72 A at the tungsten-rich Umir.(167)
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TUNGSTEN-HAFMNIUM SYSTEM
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WoHf has the MgCug-type structure (C13) with a = 7,584 kX.(¥2) Eiliot r.jo1us the latlice parameter
as 3 = 7,556 kX, {170) The solubiMity of tungsten in S-hafnlumn {s approximately 13 weight per cent at 1930 C,
It {s about 0,9 weight per cent In a-hafnium at 1520 C,(32) Braum and Rudy determined the perltectic
temperatuze 25 2540 & &0 C, the eutectle temperatuse as 1930 £ 30 C, and the eutectald temperatute as
approximately 2730 C.(398) They{190) show an a-tungsten solubility field smalles (6 welght pet cent maxi-
mum solubility) than that shown by Grant and Glesser(32),
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TUNGSTEN-IRON SYSTEM
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Wiy 1 BSTIEROW wath 1he lichagonal Malig (G138 Rivcime, with 3 3 4,735 KX, ¢ ® 7708 k¥,
c/a = 1,627.0372) sykes 1cports e Ge-phate as WoFag with & = 4,731 kX, c = 25,76 kX, and u/a v 5,440,
The structure has trigonal Lauc symmetsy with 39 10 40 atoms per unit cell. {479 Amfelt reported the
Sephiase 21 WeFeq (DB typs) Wit 13 dlous per umit cell, The stucturs i chombotiédial with a = 9,04 A
and a« 30" 39,5%,(174) 10 solubility of fron 1n tngsten 13 0.3 welghs per cent at 1640 C with Hztls change

1n solebility with tsmperarure, (175)
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TUNGSTEN-NICKEL S§YSTEM

Atomic Per Cent Nickel
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WNI4 1t body-centered tetragonal with a 5,730 4 1 A, ¢ = 3,553 1 A, and ¢/a = 0,620, with 10
atoms per unit cell In ordered positions.(177) The solubllity of nickel in tungsten is about 0,3 weight per cent
at 1495 €. (178)

et o i i
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TUNGSTEN-NITROGEN SYSTEM

SOLUBILITY OF NITROGEN IN TUNGSTEN(197)
(1 Atm Pressurc)

Temperatte, € Welght Per Cent Nittogan  Atomlice Per Cent Nittogen

2400 0.38 x 10°2 0.50 x 10°%
2000 0.11x 10%3 0.14 x 10°2
1600 0,10 x 107 0.25 x 10°3
1200 0.13 x 10°° 0.17x 1074

A nlugde of the approximate compotition W, has a face-cenieced cuble lattce of tungite dtome with
intentitial nitrogen atoms, a = 3. 126 4.01%3) Schidaberg obierved a hexagonal pliase of the appreximate com=
poiion WN. Thy phase i3 Isomorpheus with WC and has the lattice constants a = 2,893A, c= 2,826 A, and
¢/am 0,977,

(87




TUNGSTEN-OSMIUM SYSTEM
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The g-phase, W,Os has the tetragonal fleuranfum type of structure with 2 29,62 A, ¢ = 4,93 A,
and ¢/x = 0,518, These lzttice parameters were measured at a composition of 33,3 atomte per cent
(34 weight per cent) osmilum,  The solubility of osmium In tungsten s approximately 18,5 welght per cent
ar 2030 C, decreasing 10 9,5 weight per cent 38 2200 C, The solubility of wngsten In osmium s 53 weight
per eent at 2710 C, decreasing to 35 welght per cent at 1500 ¢, (76)

(88)
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TUNGSTEN-OXYGEN 3YSTEM

OXIDES OF TUNGSTEN

WO, hat 3 very natrow range of homogenelty, The structure is monoclinle, lsomerphous with MoOy
with am 5,560 A, hm 4,884 A, = 5,546 A, fI= 118,93" 3nd 12 atoms pec unit celd, (3

A one~phiase teglon exists between the comporition WOy pe and W02 75, The structyr It monoclinic
ith the 1attlee parametets A= 18,324, bn 3,70 A, cn 11,04 A, f3 = 115°2', and 67 atoms pet ualt call
(W3201 = WOz g1 (369

Another one-phiate {icld occuns buiwesn the composition WO2 ggand W03 92, The structute I§ 1000~
clufe with the battice psmametersam 12,1 A, bu 3,75 A, c= 23,4 A, and fn 95° for the composition
WO 5o (*WacOrs). The structute is closely related to that of ReO3 (DO 1ype) (209

W03 fs teported to have thiee stuctutal modifications, The toom temperature form Iz monocliale with
An 7,285 A, bx 7.517A, ¢= 3,835 A, and 22 90,9¢°,(%01) A1 80C, a polymorphic tramformation
occuts, teiulting In & stucture of highet symmetry than the room-temperature modificatlon.(262) Between
700 and 75 C, a polymorphic transformation occurs, tesulting in 3 tetragonal structure with am 5,25 4 2 A,
€= 3,92 4 2 A, c/a= 0,74, and 8 atoms pet unit ce) {209




TUNGSTEN-PLATINUM SYSTEM
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The maximum solubtlity of platinum fn tungsten at the solidus temperature Hes between 4 and 6 wesght
per ceat phunum.(m" Platinum and tungsten form a sexles of w011 wiutions up 1o a maximum of 62 weight
per 2ent tungsten. (379) Nemilov found evidsnce of zn order-disorder tramsformation in the range of 75 atomtc
per cent tungsten (76 weight per cent),(180)
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TUNGSTEN-PLUTONIUM S5YSTEM
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No Intermediate phases have been found for this system, (29




| TUMNGSTEN~-RHENIUM SYSTEM
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The a-phase |+ & tetragonal (Db‘,) structure isomorphous with the o-plisse found In irvn~chromium
alloys,(181) Kaapion reportcd the lattice pzameters s & = 2,645 A and ¢ = 5,038 A at 60 welght per cant
rhentum.(182) The X-phase is Isomorphous with a-mangancse with an approximate composition of Reaw.(181)
The solubiiitv of thenium In tungsten ranges from 23 weight per cent at 1600 C to 37 w. ight per cent at 3000 C,
I : The terminal solubliity of tungsten in henium ranges from approximatzty 11 weight per cent at 1600 C to
20 welght per cent at 2800 C,(181)
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TUNGSTEN-RUTHENIUM SYSTEM
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The o-phase has the stoichiometric composition w$u2.(1‘"' 183) The latuze parameters ar
ax9,55A anc c/a = 0,55.(183) Ruthenium Is soluble In tungsten up to 10 atomic pet cent (6 wel?ht %ec
ceny) tuthenium at 1600 C, Increasing to about 23 atumic per cent (14 welght per ceng) at 2380 C., 14
The solubllity ¢f wngsten in ruthenfum is approximately 41 atomic per c2nt (56 welght per cent) tungsten at
1500 C, Increaslag 1o 48 atomic pes cent (81 ‘welght per cent at 2205 C),(347)

(99)
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TUNGSTEN-SILICON SYSTEM
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W 3o (or possibly W5Sia) has a tetragonal structute with a = 8,56 A, ¢ = 4.94 A, ¢/a = 0,52, and fou
fornula unlts “WgSig™ per unlt cell,(184) WSI2 has a 1etragonal MoSig (C11) type of structure with
a53,21 A, cn .83 A, and c/a = 2,44,(185) The solubility of silicon in tungsten s about 0,9 weight par
cent nr 1800 €,{186)

(84)




TUNGSTEN-~THORIUM SYSTEM
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—— Comanrt out

There are no Intesnetallic compounds in the sguem. The cutectle temperatuee ks 1475 C,  Very Mitle
g solublilty oceurs In any of the terminal phases, (187,338)
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TUNGSTEN-TITANIUM JYSTEM

Momie Cer Cent Tiamum
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The solubility of titanium In tungsien 15 approxtmately 8 welght per ceat at 1880 C, decreasing to
4 weight pes cent st 706 G.8383) The solubslity of sungsten in ttanium is spproximately 0.8 wWelght per cent
at 115 ¢.(189)
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I TUNGSTEN-URANIUM SYSTEM
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The solubility of uranlum In mingsten s about 0,1 atomic per cent at 1000 C, (190)  gpe solubillty

! l
‘ .
‘ t i of wagsten In uranferm is 0,2 to 0,7 atomic per cent tungsien, G There are no Intermenallic compounds
fn the system,

4161
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TUNGSTEN-YANADIUM SYSTEM
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Lattfce=parameter measurenients indicate a continuous series of solld solutiens st 1750 C,(392)  The
system i similat 10 the Mo~Cr systesn in that a two-phass teglon possibly exists at lowsr temperatuzes, (192 193)
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TUNGSTEN~ZIRCONIUM SYSTEM

Atomic Per Cent Zirconium

Temperature, F
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WoZr has ihe cubic MgCug (C15) type of stsuctute with a = 7,615 A{178} ihe solubility of zircomum
1n tungsten ts about 3 wesght per cent at 2160 €,(194) The solubilizy of tngsten 1n a-ztrconium :5 less than
0.5 welght per cent tungsien, (186)

/61
(99)




“m-_,.mmfudmukm
" . P

TERNARY_PHASE
DIAGRAKS




COLUMBIUM~COLYMBIUM CARBINDE-COLUMDIUM NITRIDE sYSTEM{204)
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COLUMBIUM-IRON-SILICON $YSTEM{205)
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COLUMBIUM-IRON-SILICON sysTEM(205)
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COLUMBIUM-MOLYBPENUM-TANTALUM sYsTEM(200)
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COLUMBIUM-MOLYBDENUM-TITANIUM SYSTEM(207)
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COLUMBIUM-MOLYBDENUM-TITANIUM SYSTEM(207)
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COLUMBIUM-MOLYBDENUM-VANADIUM SYSTEM(208)
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COLUMBIUM-MOLYBDENUM- TUNGSTEN §YSTEM(206)




COLUMBIUM-TANTALUM-CHROMIUM $YSTEM(200)
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COLUMBIUM=TANTALUM-OSMIUM SYSTEM(«04]
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COLUMBIUM-TANTALUM-RHENIUM SYSTEM (206)
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COLUMBIUM~TANTALUM-VANADIUM SYSTEM(206)
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COLUMBIUM-TANTALUM-TUNGSTEN SYSTEM(206)
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COLUMBIUM-TITANIUM=-VANADIUM SYSTEM
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COLUMBIUM=-UITANIUM-VANADIUM SYSTEM
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COLUMBIUM=TITANIUM-VANADIUM SYSTEM
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COLUMBIUM-TITANIUM-VANADIUM SYSTEM
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COLUMBIUM-URANIUM . ZIRCONIUNM SYSTEM{210)
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COLUMBIUM-TUNGSTEN-CHROMIUM SYSTEM(206)
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COLUMBIUM-TUNGSTEN-CHROMIUM SYSTEM(206)
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COLUMDIUM-TUNGSTEN -OSMIUM SYSTEN {206}
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GOLUMBIUM-TUNGSTEN- RHENIUM SYSTEM(206)
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COLUMBIUM-TUNGSTEN-VANADIUM SYSTEM(206)
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MOLYBDENUM-ALUMINUM-VANADIUM SYsTEM{(211)
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MOLYBDENUM-ALUMINUM-VAMADIOM SYsTEM(211)
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MOLYBDENUM-ALUMINUM-VANADIUM SYSTEM(ZID)
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MOLYBDFENUM-ALUMINUM-VANADIUM Sz5TEM(211)
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MOLYBDENUM-ALUMINUM-VANADIUM SYSTEM(21 ')
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MOLYBDENUM-BORON-SILICON $YstaM{212)
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\MOLYRDENUM-CARBON-IRON §YSTEM(213)
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MOLYBDENUM-CARBON-IRON SYSTEM{(213)
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MOLYBDENUM-CARBON-IRON SYSTEM(213)
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‘ MOLYBDENUM -CARBON-SILICON SYSTEM(214)
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MOLYBDENUM-CARBON-SILICON sYSTEM(Z14)
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MOLYBDENUM-CARBON-TITANIUM SYSTEM(21%)

Aswnss BMNP WMEW  MIWE e

B et A p——

: 4/61
(136)

20 2 40 50 60 W W W T
Waiaht Per Cent Titanium
3¢ 40 50 60 70 6o 2%

atomic Par Cent Titonium




MOLYBDENUM-CHROMIUM-COBALT SYSTEM(226)
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MOLYBDENUM-CHROMIUM-IRON sYSTEM(420]
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MOLYBDENUM~CHROMIUM-IRON S¥STEM(216)
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MOLYBDENUM-GHROMIUM-TITANIUM SYSTEM(217)
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MOLYBPENUM~CHROMIUM-TITANIUM sysTEM(217)
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MOLYBDENUM-CHROMIUM-TITANIUM SYSTEM(217)
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MOLYBDENUM-COBALT-IRON SYSTEM(227)
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MOLYBDENUM-COBALT-NICKEL SYSTEM(227)
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